Abstract. Karst environments are characterized by peculiar hydrologic features, and in particular by a very limited, if not absent, surface hydrography. Water tends to infiltrate rapidly underground through the complex network of fractures and karstic conduits in the rock mass. However, on the occasion of concentrated rainfall, as well as in case of prolonged precipitation, such network might not be able to allow flowing of large amounts of water, which causes the occurrence of floods. This contribution illustrates the flood history in a classical karst area of Southern Italy, the town of Castellana-Grotte, in Apulia. The oldest part of the town lies at the bottom of a karst valley, which was hit by many flood events in the last centuries. More than twenty of these are here documented, starting from critical analysis of existing publications and documents, integrated with additional historical researches. Aimed at reconstructing the flood history at Castellana-Grotte, the best-documented events are described, together with the main factors, which played a role in distribution and gravity of the related damage. Eventually, some engineering works realized during the first decades of the last century, in order to avoid further damage on the occasion of catastrophic floods, are also described.
Introduction
Floods are the major cause of harmful effects induced by water on society (Yevjevich, 1992) . They may occur in many different geological environments, with diverse hydrogeological and morphological characteristics; the resulting damage is often very high, in terms of both casualties and socioeconomic losses. As for the effects of other natural disasters (Bolt et al., 1975; Schuster, 1996) , the negative effects on society and the territory extend well beyond the boundaries of the area directly affected by the flood, and there is a great difficulty in determining the overall losses resulting from a single event (Griggs, 1988) .
Correspondence to: Mario Parise (cerimp06@area.ba.cnr.it) For all the types of natural hazards, availability of information on past events has a crucial importance in understanding the phenomenon under study, with particular reference to its spatial and temporal distribution. As regards to floods, studies and analysis dealing with aspects of the history of hydrology and hydraulic engineering are of great interest: they can nowadays rely on paleoflood data, which can result from classical fluvial paleohydrology research (Condie and Lee, 1982; Costa, 1983; Baker, 1987; Williams and Costa, 1988; Nunes Correia, 1991; Martini et al., 2001) , and from critical review and analysis of historical chronicles and documents (Stedinger and Cohn, 1986; Jin and Stedinger, 1989; Rossi, 1992; Llasat and Barriendos, 2001; Naulet et al., 2001 ). The latter, in most of the cases, deals essentially with the impacts that flood events had on man's activities and infrastructure, and/or with the consequent engineering works aimed at mitigating similar effects from future floods.
The present paper belongs to the second category above, and provides a contribution about the use of historical information on floods, aimed at a better comprehension of the flood history of a classical karst area of Southern Italy, the town of Castellana-Grotte, in Apulia. Castellana-Grotte is worldwide famous due to the remarkable, more than 3 km long and more than 120 m deep, caves ( Fig. 1 ), which were explored for the first time in 1938, and soon after that became one of the most visited show caves in Europe (Anelli, 1957) . Discovery of these caves played an important role in the touristic development of the town that modified its name in 1950, by adding Grotte (which means caves), thus becoming the present Castellana-Grotte. (Liszkowski, 1975) . In particular, karst environments are characterized by peculiar hydrologic features, and by a very limited, if not absent, surface hydrography (Cvijic, 1918; Nicod, 1972) . The outcropping of soluble rocks, which permeability is essentially related to fracturing in the rock mass, further enhanced by the development of karst conduits and cavities, favours the rapid infiltration of water in depth, significantly limiting the surface runoff. Nevertheless, on the occasion of concentrated rainfall, or of prolonged precipitation, the network of fracture and conduits in the rock mass may not be able to allow rapid flowing of large amounts of water. At the surface, changes of the normal drainage ways and formation of temporary lakes may be registered, and floods may occur (White and Reich, 1970; White and White, 1984; Mijatovic, 1987; Molina and Mc Donald, 1987; White, 1990) . If buildings and man-made structures are present in the affected area, damages are likely to be expected.
Even when rainfall is not particularly strong, flooding may occur when the landscape has been modified by man: actions such as changes in the water drainage ways through agricultural work, road paving, and clogging of existing swallets favour the surface runoff and hinders infiltration of water in the underground network.
In karst environment, therefore, it is important to perform a distinction between a core catchment area and a peripheral (or buffer) catchment area, the latter being reactivated only periodically on the occasion of extreme meteorological events (Gillieson, 1996) . The situation can be furtherly complicated by spottiness of the rainstorm, that is irregular spatial distribution of the rainfall during the same meteoric event: if the catchment area is wide enough, also rainfall occurring at different sites with varying intensity might be able to produce floods, often with an abruptness and sheer force that are generally typical of events in semi-arid or extreme arid areas (Schick, 1988) .
The Apulia region (Fig. 2) is one of the classical karst areas of Italy, being overlaid for most of its extent by carbonate rocks. Many floods have been registered at several locations in the region: to provide a few examples, it is worth to recall here the 1896 flood in Monopoli (Corriere delle Puglie, 1896-97) , and that of 1926 in Bari (Baldassarre and Francescangeli, 1987) . The latter town was involved in several other floods during the 19th and 20th centuries: the most important were those of 1810 , 1827 , 1905 , and 1916 (Valente, 1905 Melchiorre, 1982) .
During the event of November 1926, in particular, 161 mm of rainfall were registered in three days (4-6 November); the maximum value of 103 mm occurred between 19:00 and 23:45 LT of 5 November, and was more than a quarter of the mean annual precipitation at the site (that is 600 mm; Baldassarre and Francescangeli, 1987). In the proximity of this lake, some of the first human settlements of this area, dating back to Neolithic time, have been found (Coppola, 1981) .
In most of these occasions, the causes of the severe damage accompanying the flood events had to be looked for, beyond the unusual rainfall values, also in the expansion of the urban area inland, with the consequent coverage of large sectors of land with asphalt and buildings, and the occupation by man of areas that were before naturally dedicated to flow of water lines during intense rainstorms.
Castellana-Grotte
Apulia geologically represented the foreland during the phases of building up of the Southern Apennines of Italy. Most of the region is made up of thick sequences of limestones and dolomites formed in carbonate platforms during Cretaceous time (Fig. 2) ; in particular, at Castellana-Grotte outcropping rocks are pelitic mudstones and wackestones of the Lower Coniacian (Upper Cretaceous; Parise and Reina, 2002) . Later on, these materials, faulted, deformed, and that were repeatedly affected by karst process, have been partly covered by recent deposits, mostly represented by calcarenites.
The landscape is low lands, and presents landforms of clear karst origin. Many phases of karst have in fact been active, producing an extensive underground network of cavities, caves and conduits, only a limited part of which is explorable by man. As other landscapes where karstification is the main modelling agent, some features can be identified: first of all, the absence, or very limited presence, of surface runoff, the outcropping of residual deposits from karst processes (the so-called terre rosse), the connectivity between the surface and the underground systems, and the need in defining dynamic boundaries for karst catchments. The role of man has also to be stressed, since the landscape has everywhere been strongly modified by anthropogenic interven- tions, also thanks to the smoothed morphologies that facilitated land use changes. Unfortunately, many of these interventions produced, and still cause today, serious problems in terms of pollution and degradation of the karst environment (Parise and Pascali, 2003) .
In the typical karst setting of Castellana and nearby areas, the paucity of water at the ground surface strongly controlled the establishment of the first human settlements in the territory. These, in fact, were located close to karst lakes (Fig. 3) , where, due to favourable geological conditions, conservation of the precious resource water, and its exploitation, were possible (Parise, 2002) .
The oldest part of Castellana-Grotte lies at the bottom of a karst valley (Figs. 4 and 5), which main morphological features are represented by flat bottom valleys filled with alluvial deposits, detritus and terre rosse. Infilling materials have low permeability, so that on the occasion of intense rainfall most of the runoff occurs at the surface.
These valleys and water lines (locally called lame) are the remnants of the original hydrographic network (Parise, 1999) ; they are directed toward the northern boundary of the valley, where the most low-lying sector and the town of Castellana-Grotte are located (Fig. 4) . In ancient maps the area where Castellana-Grotte lies was indicated as Lago (which means lake; see Colamonico, 1917) ; this already provides important historical information about the presence of water in the more depressed sector of the valley. Largo Porta Grande is the wide square located at the lowest part of town (see Fig. 4 for location), and has repeatedly been in past times the theatre of flooding events (Orofino, 1990; Pace and Savino, 1995) . Castellana-Grotte is characterized by annual values of rainfall ranging from a minimum of 368.4 mm (year 1989) to a maximum of 922.8 mm (year 1957), with mean annual value of 662 mm (period of observation: 1951-1996) . Most of the rainfall occurs during autumn and winter seasons (Fig. 6) , and the climate is typically Mediterranean; concentrated rainfall might occur during summer. As for nearby areas, a tendency toward decreasing rainfall is being observed in the last decades (Table 1) . Actually, in the last few years a serious hydric crisis in the region, as well as in other sectors of southern Italy, has caused severe problems for supplying water to the population. On the other hand, flooding events have been recorded recently after prolonged rainfalls in the summer of 2002: the most significant occurred on 26 and 27 July 2002, and caused heavy damage to many towns and rural areas in Apulia (Fig. 7) .
The local flood history

Data sources
In past times Castellana-Grotte has long been affected by floods, which occurrence was related to a combination of some peculiarities of the local karst environment and to land mismanagement by man. Aimed at reconstructing the local flood history, a review of the existing literature about Castellana-Grotte and the surrounding territory, integrated by critical analysis of additional historical documents recently republished (AA.VV., 1996), was performed. A number of sources have been investigated, from national archives and inventories dealing with flooding events, to scientific and historical publications, and to documents and publications of local history. Additional information was also extracted from further sources, which were often helpful in the location of some specific event, and in the description of related damage, but generally did not provide any date of occurrence, or resulted in uncertain dating. Eventually, further useful data were collected through direct inspections and survey of natural and artificial cavities and tunnels in the area.
At a national level, the first archive examined was that of the AVI Project (the acronym AVI stands for Aree Vulnerate in Italia, that is Areas Vulnerable to landslides and floods in Italy); this was commissioned by the Minister of Civil Protection to the National Group for Prevention of Hydrogeological Hazards (GNDCI) of the Italian National Research Council (CNR) to compile an inventory of information on areas historically affected by landslides and floods in Italy ( Guzzetti et al., 1994) . The information extracted from this archive for Castellana-Grotte regard the most recent events, and also include cases of subsidence caused by karstic cavities in the urban area, as will be described later.
The most interesting and numerous data about the flood history at Castellana-Grotte derived, on the other hand, from publications and documents at a more local level. This was a quite expected result that confirmed what was observed from previous historical researches about natural hazards in southern Italy (Calcaterra and Parise, 2001; .
Chronology of flood events
At Castellana-Grotte, a total of 23 events of hydrological and geological disasters, starting since the 18th century, were obtained through historical analysis and scrutiny of available documents. All the events for which some historical documentation was found are listed in Table 2 . No information has been so far found about flooding events prior to the 18th century. However, this aspect is worth to be better examined in the future, through examination and scrutiny of the historical documentation, which is collected at the public library of Castellana-Grotte (where, unfortunately, access for this specific study was not permitted due to works of reorganization of the library), and at several religious archives of the churches in the area.
Looking at the so far identified disasters listed in Table 2 , it has to be noted that in a 30-years interval (from 1874 to 1905) at the turn of the 20th century, nine events were registered (Table 2) ; all of them were accompanied by serious damage and, at least in one case, by casualties. The historical documentation was found in local archives and libraries, and consisted of a few works specifically dealing with some of the flood events and of old photographs testifying to their immediate consequences.
The 9 November 1896 flood is the best-documented event, being described in the work by the attorney Antonio Sgobba, which was published few weeks after the disaster. According to this testimony, the rainfall started in the morning, after a few days of intense antecedent rainfall. From 19:00 LT the main event began: there was a strong increase in the intensity of the rain and, after four hours of continuous rainfall, the lowest part of town was completely inundated by a huge lake that reached about one third of the entire town, with height of some 5.4 m at Largo Porta Grande. Boats had to be carried from Monopoli, the closest town at the seaside, to help people getting out of their houses (Fig. 8) . Still today, many historical inscriptions on buildings in the historical centre of Castellana-Grotte recall the sad hours of that day (Fig. 9) .
Occurrence of several other flood events, up to the most recent of 26-27 July 2002, still testify the overall fragility of the karst environment at Castellana-Grotte, and the negative impact that the man has often had on the territory: construction of new buildings and roads, which caused diversion of the original water lines, and destruction of the old works (i.e. stone dry walls) aimed at controlling the runoff water, still today contribute to increase the damage to the anthropogenic environment on the occasion of the most intense rainfall. 
Human interactions and impact
The disastrous effects of the 1896 flood, as well as of those that preceeded it, were favoured by actions of mismanagement of the territory, starting from deforestation of the hills around Castellana, severely carried out since 1700. Deforestation was mostly performed to provide wood for heating during the winter season or for industrial activities, and to conquer new pieces of land to agriculture. This phenomenon was very typical of large areas of the Mediterranean Basin, where it was favoured by expansion of settlements and agricultural practices, which eventually resulted in promoting soil degradation (Gams, 1991; Gams et al., 1993; Frumkin, 1999; Gams and Gabrovec, 1999) . In southern Italy, where extensive deforestation occurred in the 18th and 19th centuries, many hydro-geomorphological problems (mostly shallow landslides and erosion) have still to be related to destruction of the vegetational cover that was originally present on slopes (Sorriso Valvo, 1993; Parise and Wasowski, 2000) .
The Murge, that is the part of Apulia where CastellanaGrotte is located, were severely involved in deforestation practices, and today only a very few remnants of the ancient wood cover still exist in the area (Vita, 1972) . As remarked in several testimonies (Viterbo, 1913; AA.VV., 1996) , the great part of the oak trees that characterized the slopes surrounding the karst valley of Castellana-Grotte were cut in the last two centuries, and replaced with olive trees and vines.
In addition, as a further change of the original setting at Castellana-Grotte, since the second half of the 19th century the natural system of caves and channels there existing was strongly changed by man. It is worth reporting here an example: in the 1880-90's the monks at the church of S. Francesco di Paola (today devoted to S. Giuseppe, located at the east side of Largo Porta Grande), after many requests, were eventually authorized to infill the several swallets and caves in the area, and to build large reservoirs in order to better cultivate their properties (AA.VV., 1996). Infiltration of water in the underground system of cavities was thus obstructed. Many of such activities are again registered in historical documents from various sources, found in private and public archives at Castellana-Grotte and nearby towns. All of these actions of mismanagement played a very important role in producing greater negative effects on the occasion of the floods.
The presence of a thick network of subterraneans in the area, both natural and man-made, recently received further evidences by finding of old structures in 2000 and 2002: in particular, the ancient channel which was identified during some construction works in December 2000 (Manghisi and Pace, 2001 ) was probably part of the complex drainage system there existing, or, alternatively, a tunnel connecting reservoirs located at different sites of the square.
These subterraneans made still more complex the karst environment at Castellana-Grotte, and increased its high fragility, as was repeatedly demonstrated by other geological disasters that occurred at the very same site that was the theatre of the main floods (Largo Porta Grande; Fig. 10 ). Several cases of subsidence due to presence of underground cavities partly filled with colluvial deposits and terre rosse had to be registered since 1968 (Table 2) ; in more than one occasion, collapse of the above buildings, that had eventually to be evacuated, resulted.
Subsidence phenomena related to the presence of underground cavities due to karst processes are typical of many karst areas (Nicod, 1972; White, 1988; Palmer, 1990) . Subterranean erosion may cause collapse of the cavity's roof and the breakthrough of the cavities to the ground surface, with formation of sinkholes. Either natural or man-made, this phenomenon affects carbonate formations subject to karstification in many areas of the world (Jennings et al., 1965; Calembert, 1975; Stringfield and Rapp, 1976; Cotecchia, 1980; Soriano and Simòn, 2002) , and is frequently encountered during road constructions or other engineering works in karstic areas (Péwé, 1990; Cavounidis et al., 1996; Roje-Bonacci, 1997 ).
Engineering works
After the 1896 event, many works were designed and realized in the lowest part of Castellana to facilitate infiltration of water underground. Actually, even before that, the need to realize hydraulic works was strongly felt in the town: the first project was designed to use some of the karst cavities in the area, where at least 4 deep shafts were known, by connecting them through horizontal tunnels to allow the amount of water to penetrate in depth and not to be collected at the surface on the occasion of intense precipitation. With this aim, in 1865 the shafts called "Gravinelle" were enlarged at the entrance, and a double opening to facilitate inflow of the waters was realized (Viterbo, 1913) . Gravinelle is a karst shaft, some 40 m deep, created by karst processes which have enlarged a fracture in the rock mass (Figs. 11 and 12) .
Nevertheless, it was clear already at that time that this first work could not be considered as resolutive for the flooding problems at Castellana on the occasion of major rainstorms. Thus, another design, whose expense was estimated in 100 000 Italian lire of the time, was realized; this sum had originally to be covered by the Castellana Municipality. Lack of funding from the Municipality, unfortunately, resulted in delay of the works.
After further floods, including that catastrophic of 9 November 1896, a new project was designed, this time at the expense of the Italian State. Again, however, a new delay had to be registered, this time caused by the catastrophic 1909 Messina earthquake: the tragic aftermath of that event, and the very severe damage registered in Messina and Reggio Calabria, moved toward the southernmost tip of Italy most of the funds from the Italian government. Thus, only in 1911 the work eventually began at Castellana, to be completed two years later (Viterbo, 1913) . At a depth of about 10 m, the Gravinelle were connected through an artificial tunnel (called Canalone, which means Big Channel; Figs. 13 and 14) to other shafts to the north, located at a distance of, respectively, about 1 km and 2.5 km (Manghisi, 1987) . In addition, a second tunnel to be used as spillway was also built, for a length of 336 m. Another deep shaft (called "Gravaglione"), the only one left undisturbed after the works realized by the monks of S. Francesco di Paola, is still present along the Canalone; since 1913, it is used to drain the sewerage coming from the town.
This system, designed to mitigate the risk from new floods, actually worked. After these hydraulic engineering works, only minor floods, with very limited damage when compared to those caused by previous events, were registered at Castellana.
All of the works described above belong to the so-called "flood-damage mitigation" (Linsley and Franzini, 1979) , "flood hazard reduction" (Rossi, 1992) , or "coping with floods measures" (Yevjevich, 1992) , that is all those measures, with necessary policies and strategies of implementation, that a society may apply to prevent or mitigate flood damages. Specific flood mitigation measures, including structural and non structural measures, and soil conservation actions, are greatly variable depending on the physical and morphological characteristics of the area, and in particular on the main hydrogeological features of outcropping rocks.
Discussion
Review of available publications and documents, and historical research performed for this study, resulted in collection of many information about the flood history in the classical karst area of Castellana-Grotte, and the engineering works realized at the site after the catastrophic event of 1896.
Historical research on natural hazards provides useful insights toward a better comprehension of the phenomena under study, and their frequency and effects on the anthropogenic environment. This is in particular true for floods: as stated by Baker et al. (2000) , integration provided by availability of historical information is crucial for paleoflood hydrology, that is the science of reconstructing the magnitude and frequency of large floods using geological evidence and a variety of interdisciplinary techniques. This integration is of particular importance as regards the floods of greatest concern to humans that are those associated with climatic conditions most like the present.
At Castellana-Grotte, in all of the documented flood events (listed in Table 2 ), direct and indirect impacts had to be registered, where direct impacts include the loss of human lives, of livestock and wild animals, of property and current industrial, agricultural and service sector production or delivery; indirect impacts, on the other hand, result from the propagation of direct economic losses through the regional economy (Yevjevich, 1992; Williams, 1993) .
The main lesson, which can be drawn from the flood history so reconstructed at Castellana-Grotte, highlights once again the great fragility of karst environments, and, at the same time, the need to adequately manage natural disasters in these settings. As regards this latter point, it has to be noted that the engineering works realized at the turn of the century at Castellana were certainly good interventions in the framework of a policy of management and safeguard of the environment.
The need to keep a historical memory of the hydrological and geological disasters at Castellana-Grotte is today much higher than in the past, since the minor frequency of catastrophic events in the last decades, which is probably also due to changes in climatic conditions, resulted in loss of memory of the hazard related to the peculiarities of the karst environment. On the other hand, in the process of mitigation of the specific hazard, a great role should be played by keeping maintenance of the engineering works realized at the beginning of last century. Their lack of maintenance, in fact, together with the use of caves to waste solid materials (still a very diffuse habit), and the wide expansion of urbanization, with new buildings and roads covering the original natural landscape, might result in the short-as well as the long-term to likely future problems. In many cases it has recently been shown that the lack of maintenance of structures designed for hazard mitigation actually resulted in increasing the damage deriving from occurrence of the event.
In conclusion, from the documentation that has been found so far, concerning the floods at Castellana-Grotte, the history in this small town of the apulian karst teaches us that the effects produced by man on very fragile environments can be very severe and result in further damages during floods. The most worrying consideration is probably that, with time, the memory of many of these episodes gets lost, and new works, potentially negative in terms of vulnerability (sensu Varnes, 1984), are realized. Scientists, as well as technicians and administrators in charge of the land management, should try to keep memory of the past occurrence of these events, since their knowledge and documentation, and the dissemination of these information to the population, are the first steps toward mitigation of the risk related to natural hazards.
